In this study, the influence of the chemical structures of petrochemical polyols on the foaming process of polyurethane compositions as well as on selected properties of the foams obtained has been investigated. Two types of petrochemical polyols were used-polyester and polyether polyols as well as their blends with a rapeseed oil-based polyol. Dielectric polarization, temperature and expansion velocity were determined during the foaming process of the polyurethane systems with different polyol components. The results show the highest reactivity of the polyester polyol and a decrease of the polyurethane system's reactivity as a result of a partial replacement of the petrochemical polyol with the bio-based polyol. The content of the closed cells in the materials obtained strongly depends on the petrochemical polyol used. The results indicate that the chemical structure of the petrochemical polyol had a significant effect on the cellular structure as well as the physicalmechanical properties of the final products. A significant worsening of the foams' mechanical properties was observed as an effect of a partial replacement of the polyester polyol with the rapeseed oil-based polyol. In contrast, a partial replacement of the polyether polyol caused an improvement of the cell structure keeping the mechanical properties of the modified foams at the same level.
Introduction
Research institutions and industry undertake efforts to make chemical production more eco-friendly and to replace fossil raw materials with renewable feedstock [1] . More and more research concerns modification of polymers with waste [2] [3] [4] [5] [6] . Among the renewable raw materials, vegetable oils are the most widely used in the synthesis of different chemicals, which could be applied by the polymer industry [7, 8] . In the case of polyurethane (PUR) synthesis, the idea of a substitution of petrochemical-derived feedstocks with plant oil-based components is increasingly developed.
Currently, PURs are widely used in industry and daily life due to their versatile properties [9, 10] . It was estimated that PUR demand will grow from 14.2 million tons in 2011 to 22.2 million tons by 2020. PURs are currently the sixth most widespread group of polymers [11, 12] . PURs are most often used in the furniture, automotive, footwear, construction and refrigeration industry. There are multiple applications in which they appear as foamed materials. These types of materials may be in the form of flexible, semi-rigid and rigid foams. Foams are divided also into categories depending on their pore morphology (open or closed). The open cell morphology corresponds to pores that are connected to each other, making the material softer and more absorbent.
In the closed cell morphology, pores are isolated from each other, which makes the foam more rigid.
Bio-based polyols may be synthesized from different plant oils, such as rapeseed, sunflower, soybean, palm, linseed and castor oil [13] [14] [15] [16] . A modification of vegetable oils in order to introduce reactive hydroxyl groups can be carried out by means of various methods. These methods are mostly based on the conversion of double bonds into hydroxyl groups [17] or transesterification and transamidization reactions [18] [19] [20] [21] . The structure of a bio-polyol, viscosity, molecular weight and hydroxyl value have a significant impact on the foaming process of a PUR system and consequently on the cellular structure and properties of PUR foams [22] . Bio-polyols obtained from vegetable oils are composed of fatty acids. Bio-polyols may contain in their structures hydroxyl groups located inside the main hydrocarbon chain and dangling chains. Such secondary hydroxyl groups have a low reactivity and can lead to incomplete cross-linking of the PUR matrix [14, 23] . The primary group located at the end of the hydrocarbon chains, like in the petrochemical polyols, has the greatest ability to react with iscocyanates. However, the two-step method of oil epoxidation and oxirane ring opening typically results in bio-polyols having lower reactivity than polyols obtained using such techniques as ozonolysis, hydroformylation or ethoxylation due to secondary hydroxyl groups [24] . The regions where dangling chains are located do not support stress when the sample is loaded and act as a plasticizer that reduces the rigidity of the polymer matrix [14, 23] .
The use of bio-polyols in the synthesis of rigid PUR foams changes a number of physical and mechanical properties. It has been observed that an addition of a bio-polyol reduces the reactivity of the system, resulting in lower temperatures in the foam's core and slower foam growth. The lower reactivity of the foams modified with bio-polyols has an influence on the cellular structures of the final foamed products. It has been noticed that a replacement of a petrochemical polyol with bio-polyols can decrease the content of closed cells [25] . A closed cell structure is demanded for foams applied in thermal insulation, while an open cell structure is important for rigid porous materials, which are used as pumice stones. Other properties that may be changed by an addition of a bio-polyol are: apparent density, compressive strength, bending strength, brittleness, thermal conductivity.
Taking into account more and more studies focused on the modification of PURs with bio-polyols, it is necessary to analyze how such bio-components can influence the properties of the final foams, especially in different configurations with petrochemical polyols. A large number of published papers is mostly focused on describing the bio-polyol's chemical structure and its influence on the properties of porous materials. This paper investigates the influence of a rapeseed oil-based bio-polyol in configuration with two types (polyether and polyester) of petrochemical polyols on the foaming process and physical-mechanical properties of rigid PUR foams. For the first time, the effects of the blends of the same bio-polyol with different types of petrochemical polyols on foam quality have been compared.
Experimental

Materials
Polyether polyol (ETHp) and polyester polyol (ESTp) components with different chemical structures were used as petrochemical components. A bio-polyol (BIOp) was synthesized using a two-step method: epoxidation of the double bonds of a rapeseed oil and reaction of opening oxirane rings by using diethylene glycol [26] . The characteristics of the polyols used are shown in Fig. 1 and Table 1 .
The broad peak of BIOp is associated with oligomerization side reactions that occurred during the ring opening reactions. This effect is also confirmed by a higher number average molecular weight (Mn) of BIOp comparing to the petrochemical polyols ETHp and ESTp. The effect of the oligomerization reaction is also reflected by the highest functionality of BIOp. Those reactions occurred when the hydroxyl derivatives of the rapeseed oil reacted with other epoxy groups during the second step of the reaction (oxirane ring opening). An amine reactive catalyst was used in order to reduce the emission of a volatile organic compound from the foamed products. A special silicone surfactant was applied to improve the emulsification of the polyol premix, to ensure opening of cells in a final stage of the foam rise and to stabilize the porous structure of the foams. The carbon dioxide generated during the foam growth process in the reaction of water with isocyanate groups was used as a chemical blowing agent. A mixture of methylene diphenyl diisocyanate (MDI) isomers and oligomeric MDI containing 32.6 wt% of NCO groups was used as an isocyanate component.
Preparation of the Foams
Firstly, rigid PUR foams with different petrochemical components (ETHp and ESTp) were prepared. In the second step, both formulations were modified by replacing the petrochemical polyols (50 wt%) with the bio-polyol (BIOp). The foams were prepared using a one-step method from two component systems (component A and component B). The formulations of the materials obtained are shown in Table 2 .
Component A (polyol premix) consists of polyols, a catalyst, water and a surfactant which were mechanically stirred for 20 s to ensure their complete homogenization. After that, the isocyanate (component B) was added to the polyol premix in such an amount that ensured the ratio NCO/OH = 1.06 (the contributions of the polyols and water were considered in the OH calculation). Next, the mixture of components A and B was mechanically stirred for 10 s and poured into an open mold. In the mold, a free rise foaming process took place.
Characterization of Bio-polyols
The determination of hydroxyl value was performed according to the Standard PN-93/C-89052/03, in which the hydroxyl groups of a polyol undergo acetylation using acetic anhydride. The excess of the acetic anhydride is decomposed by water addition (formation of acetic acid) and followed by titration using a solution of potassium hydroxide in the presence of an indicator.
The number and weight average molecular weight and dispersity were determined by GPC analysis. The measurements were performed using a Knauer chromatograph equipped with a PLgel MIXED-E column for the analysis of oligomers and a refractometric detector. The calibration was performed using the polystyrene standards. Tetrahydrofuran was used as an eluent at 0.8 mL/min flow rate at room temperature. The number-average functionalities of the polyols were calculated based on the hydroxyl values and the experimentally determined number-average molecular weight (Eq. 1):
where, fn-number-average functionality, Mn-numberaverage molecular weight and OHv-hydroxyl value of polyol.
Characterization of Polyurethane Foams
The foaming process was analyzed using the foam qualification system FOAMAT [25] . The content of closed cells was determined according to PN-EN ISO 4590:2005. The apparent density was determined as a ratio of the mass and volume of the foam sample according to a standard (ISO 845:2010).
The cell structures of selected foams were tested using computer microtomography. The study was performed using a CT scanner Xradia 410CT [27] .
The mechanical properties of the foams were estimated in two directions, parallel and perpendicular to the foam rise. The compressive strength was determined according to ISO 826. The compressive force was applied at a speed of 2 mm/s, axially in a perpendicular direction to a square surface. The compressive strength was measured using a Zwick 1445 instrument. A TGA analysis was performed with a Q500 analyzer (TA Instruments) using 10 ± 1 mg of the samples which were heated from 25 to 1000 °C at a rate of 10° min −1 under a nitrogen atmosphere. The results were processed using Universal Analysis 2000 software (4.7A version, TA Instruments).
Results and Discussion
The reactivity of the PUR systems was evaluated by measuring the dielectric polarization, which decreased as an effect of the progress of the reactions and corresponded to temperature profiles [28] . Figure 2 shows the dielectric polarization (a) as a function of the reaction time for all the samples prepared with two types of petrochemical polyols (ETHp, ESTp) and their blends with BIOp.
The PUR system based on ESTp was characterized by the highest reactivity confirmed by the fastest decrease of the dielectric polarization ( Fig. 2a ), the highest maximum temperature (Fig. 2b ) of the reaction mixture during the foaming reaction and reaching the maximum temperature (193 °C) after a shorter reaction time (264 s). In the case of the PUR system based on ETHp, the maximum temperature was 178 °C. The differences in the reactivity were also confirmed by the foam rise velocity (Fig. 2c) .
It is known that a modification of PUR systems with a polyol based on natural oils generally causes lower reactivity during the foaming process and such an effect was confirmed in our earlier studies [25, 29, 30 ]. An interesting effect was observed in the case of replacing 50 wt% of the petrochemical polyols by BIOp. The modification of the PUR systems based on the petrochemical polyols with BIOp showed that the changes in the reactivity were more significant in the case of the reaction mixtures based on ESTp. The curves of the dielectric polarization of PU/ETHp and PU/ETHp/BIOp were characterized by similar shapes.
This effect could be associated with the chemical structure of the bio-polyols. The chemical structure of ESTp (Fig. 3c ) is more linear than the structure of ETHp (Fig. 3a) and BIOp (Fig. 3b ), which are characterized by more steric hindrances (aromatic rings). What is more, ESTp has the lowest functionality and Mn which can lead to higher mobility of polyol molecules.
The chemical structure of the petrochemical polyol had a significant effect on the cellular structure of the PUR foams as shown in Fig. 4 .
The foams based on ESTp were characterized by much larger cells than in the case of the materials based on ETHp. The same tendency was in the case of the PUR systems in which 50% of the petrochemical polyols had been replaced with BIOp. The tendency of the PU/ESTp system to create bigger cells had an important influence on the closed cell content of those foams ( Table 3) .
The cell opening tendency in the case of PU/ESTp and PU/ESTp/BIOp can be associated with the high reactivity of the systems and disturbances in the gelling and blowing reactions during the foaming process. In our earlier studies we showed that an introduction of a bio-polyol or a different type of fillers to a PUR formulation prolongs the gelling time and disrupts the equilibrium between the foaming and gelling reactions [25, [29] [30] [31] . The current study allows a conclusion that too high reactivity of a PUR system also has an influence on the content of closed cells. Too high a temperature for PU/ESTp can cause evaporation of water earlier than carbon dioxide is generated, which can be additionally confirmed by the higher apparent density of the foams based on ESTp (Table 3 ). In order to determine the foams' structures more precisely, computer tomography of the materials obtained was performed (Fig. 5 ). In particular, in the case of the foams based on ESTp, the addition of BIOp led to a more uniform cell structure. In the case of the non-modified foams PU/ ESTp, visible are large pores surrounded be smaller ones and such a cellular structure is non uniform. The presence of different-size pores in this foam is also confirmed by the cell distribution which is shown in Fig. 6 . The modification of the foams with the bio-polyols generally caused an increase of the content of small cells. A tendency similar to that in the case of the PU/ESTp foams was also observed for the PU/ETHp foams. However the effect of cell size reduction in the case of PU/ETHp was on a smaller scale due to the more favorable cell structure of the unmodified PU/ETHp foam (Figs. 4, 5, 6) .
The apparent density of the porous materials is an important factor which strongly influences their mechanical properties. The effect of the polyol type on the foams' apparent density as well as their compressive strength measured in two directions is shown in Table 3 .
The apparent density of the foams based on ESTp was characterized by a higher value despite the same content of water used (as a chemical blowing agent) in each system. It was probably the tendency of the formulation based on ESTp to open cells that caused partial collapse of the foams. Such materials are characterized by a higher apparent density.
The modification of the PU/ESTp system with the biopolyol caused a decrease of the compressive strength value by ca. 50% in both directions, while such a strong effect was not observed for the materials based on ETHp. This effect could be associated with improper miscibility of ESTp and BIOp.
The compressive strength data have been normalized σ n to the average apparent density of the rigid PUR foams according to Eq. (2) [5] : where, σ i is the experimental raw strength of a given foam determined from the stress-strain curve, ρ i is the apparent density of the same foam, and ρ average is the average apparent density calculated on the basis of the compared foam densities.
The normalized data of the foam compression strengths after the calculation according to formula (2) are shown in Fig. 7 .
The normalized data of the compressive strength show that the highest compressive strength corresponds to the foams based on ETHp, and that the modification with the bio-polyol of the PUR formulation based on ETHp did not give a significant effect. This is associated with a more regular cellular structure of PU/ETHp and PU/ETHp/BIOp than in the foams based on PU/ESTp.
The thermal degradation of both types of the petrochemical and the bio polyols as well as the PUR foams was investigated using a thermogravimetric analysis including both the mass change (TG) and the derivative of the mass change (DTG) curves, which are shown in Figs. 8, 9 respectively. Changes in the mass loss of the polyols start at temperatures below 100 °C and this is an effect of water evaporation as well as of volatile impurities. Decomposition of urethane bonds starts at an average temperature of 260 °C [32] , however in the case of the PUR materials investigated in the experiment the beginning of the decomposition is observed at temperatures below 250 °C (Fig. 9 ). The PUR materials based on the ESTp and BIOp polyols have similar decomposition curves. The derivative TG curves of the materials reveal actually one (PU/ETHp) or two (PU/ESTp, PU/ ETHp/BIOp and PU/ESTp/BIOp) main degradation steps. The character of the loss rate curves in the temperature range 300-350 °C for the ETHp polyol and the respective PU/ ETHp foam is similar, while in the case of the other foams the degradation process is delayed due to better thermal stability of both the ESTp and BIOp polyols.
In the case of the PU/ETHp/BIOp foam, an effect of higher stability due to replacing 50 php of ETHp with BIOp was disclosed in the range of temperatures 350-450 °C. The thermal stability of PU/ESTp/BIOp seems to be the highest based on the highest temperature of the maximum loss rate ( Fig. 9 ), which is slightly higher comparing to the respective temperature for the PU/ESTp sample. Fig. 7 The compressive strength of the rigid PUR foams. The data, taking into account the apparent density of foams, were normalized according to [5] It is known that polyols containing ether linkages in their molecules are less thermally stable than those with ester linkages, such as vegetable oil-based polyols [33] . PUR foams based on ESTp, which contains aromatic rings in its structure, are thermally more stable than foams from aliphatic polyols [34] .
The second step of the decomposition process occurs at ca. 350-550 °C and this is related mainly to the decomposition of the polyols and aromatic moieties [18] . BIOp is characterized by long chains which come from fatty acids present in the molecules of the modified vegetable oil and such a chemical structure can increase the thermal stability of this component.
Conclusions
It can be concluded that the structure of a polyol has a significant effect on the reactivity and properties of rigid polyurethane foams. The applied polyester polyol was more reactive comparing to the polyether polyol. The replacement of a part of both types of the petrochemical polyols with a bio-based polyol decreased the reactivity of the reaction mixtures. However, a more significant effect was observed for the polyurethane systems with the polyester polyol.
It was shown that the type and reactivity of the petrochemical polyol had a significant influence on the foaming process and a tendency of the polyurethane system to exhibit cell opening. The content of closed cells was reduced from ca. 80% in the case of the foams based on the polyether polyol to 10% for the foams obtained using the polyester polyol. In the case of the foams based on the polyether polyol modified with the bio-polyol, such a significant effect was not observed.
It was noticed that an addition of a bio-polyol into the foam systems caused a reduction of the cell size regardless of the type of the petrochemical polyol used. In the case of both the foams modified with the bio-polyol, the cell size distribution was comparable.
An important decrease (ca. 50%) of the compressive strength of the foams based on the polyester polyol took place as a result of the modification of the polyurethane system with the bio-polyol, whereas such a modification of the polyether polyol-based system practically did not cause changes in the foam's mechanical properties. Replacing the polyester polyol with the bio-polyol in the polyurethane system improved the thermal stability of the modified foams. 
